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BACKGROUND OF THE INVENTION 



Field of Invention 

5 This invention relates to FIFO queues and, more particularly, to synchronization 

of FIFO data transfers between two clock domains. 

Description of Related Art 

10 In digital electronic systems, a clock of some sort is usually present to provide a 

timing reference for dynamic processes. In such systems, the output of the clock is 
generally a periodic waveform, alternating between two voltage levels. Discrete states 
within the system are associated with clock transitions. Thus, a synchronous logic device 
may change from one state to another only on a rising or falling edge of the clock. The 

15 transfer of digital data is also frequently governed by a clock. For example, a peripheral 
device in a personal computer may exchange data with the main processor using a high- 
speed bus, such as the PCI bus, in which a clock is employed to synchronize read/write 
operations. 

20 It is sometimes necessary to transfer data between two systems having different 

clocks. One means of accomplishing this is to use a first-in first-out (FIFO) buffer. Data 
are typically received at the FIFO input and propagate through the FIFO at each clock 
transition, eventually reaching the output. The FIFO derives its name from the fact that 
the data emerge from the FIFO in the same order in which they enter (therefore, a FIFO is 

25 a type of queue). A FIFO may employ different clocks for reading and writing data. This 
can be very useful for "burst mode" data transfers. For example, suppose it is necessary 
to record a transient event using a high-speed digital video camera, and then transfer the 
data to a computer. This presents a problem, since the camera may collect samples at a 
rate much higher than the computer can receive them. A dual-clock FIFO may be used to 

30 buffer the data however. The samples can be entered into the FIFO by the camera's 
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sample clock, and subsequently read out by the slower computer clock. As long as the 
FIFO is fast enough to keep up with the camera and deep enough to hold all the samples, 
there is no data loss. 

5 It is often advantageous to include tag bits along with the data in the FIFO entries. 

These tag bits may be used as flags to denote the type of transaction for which the data is 
intended. For example, individual bits can be used to distinguish a read or write 
operation, or to indicate the source of the data. Tagging can facilitate data transfer, since 
less processing is required at the receiving end to ascertain the nature of the transfer. 

10 Note that the width of each FIFO entry (i.e., number of bits) must include the tag bits as 
well as the data. For example, each FIFO entry might be 10 bits wide, to accommodate 8 
bit data words with 2 tag bits. 

In some situations, data are continuously written to and read from a dual clock 
15 FIFO. It is essential in such cases to know which locations in the FIFO contain valid 
data. When power is first applied, the FIFO is filled with random data - so every entry is 
invalid. Thereafter, a valid entry is created each time a new value is clocked into the 
FIFO; the entry becomes invalid when its contents are clocked out. Typically, read and 
write pointers store the location of the oldest and most recent valid entries in the FIFO. 

20 

To reduce latency in a dual clock FIFO system, it is desirable to be able to 
determine the status of the tag bits belonging to valid FIFO entries prior to actually 
reading the entries. This requires a means for selectively testing tag bits in the valid 
entries, while ignoring the invalid entries. The circuitry to perform this function must be 
25 relatively simple (so it can be readily implemented in an integrated circuit) and capable of 
high-speed operation (so its use does not compromise FIFO throughput). A further 
requirement is that the circuitry operates across two different clock domains. 
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SUMMARY OF THE INVENTION 

Dual-clocked first-in first-out (FIFO) buffers are often used to resynchronize data 
transferred across clock domains. Frequently, a tag bit field is attached to the data during 
5 the transfer. The tag bits serve as flags to indicate, for example, the source or destination 
of the associated data. However, it is usually necessary to read a given entry from the 
FIFO before the tag bits can be evaluated. Arbitration of the tag bits contributes to 
overhead in the data transfer, and it would be advantageous to be able to perform a "look 
ahead" evaluation of the tag bit fields, prior to actually reading the entries out of the 
10 FIFO. 

This capability is provided by the system and method disclosed herein for 
detecting active tag bits in any of the valid FIFO entries. Advantageously, the new 
method operates "across clock domains". This refers to the fact that separate clocks, 
15 possibly operating at different clock rates, are used for writing and reading the FIFO data. 
Such may be the case, for example, when data are being transferred from one circuit or 
system to another. The method also has the advantage that it is based on simple, 
combinatorial logic. Therefore, it is straightforward to implement and suitable for high- 
speed operation. 

20 

In an embodiment of the system discussed herein, the FIFO buffer consists of N 
entries, with each entry comprising a D-bit data field and a B-bit tag bit field. A write 
clock synchronizes entry of data into the FIFO, and a separate read clock synchronizes 
reading of the data by the receiving circuitry. A pair of AT-bit registers is also present; one 
25 corresponds to FIFO writes and the other to reads. Each bit in these registers is 
associated with a FIFO entry, and toggles when the FIFO write/read pointer points to its 
respective entry. A set of AT XOR gates, one for each entry, compares the state of 
corresponding bits in the two registers. The bits differ when the write pointer advances 
ahead of the read pointer - i.e., when data has been written to a given entry, but not yet 
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read. Thus, each of the N XOR gates indicates whether its corresponding FIFO entry is 
valid. 

For each entry, a T-bit bus brings out the tag bit logic levels. Each bus signal is 
received as an input to one of a set of T AND gates. The other input of each AND gate is 
driven by the associated XOR gate, and is HIGH only if the corresponding FIFO entry is 
valid. Thus, the AND gates transmit only the tag bits belonging to valid FIFO entries. 

An OR gate is associated with each of the T tag bits, and indicates the active 
status of its respective tag bit in any of the valid entries. The I th OR gate combines the 
outputs from the z ,th AND gate in each of the N sets of AND gates. Thus, if the I th tag bit 
is active in any valid entry, the associated AND gate output will be HIGH, causing the 
OR gate to go HIGH. Each OR gate output is clocked into a flip-flop, to synchronize it 
with the read clock. 

A method for detecting active tag bits in any of the valid entries of a FIFO is also 
contemplated herein. The method consists of detecting which entries in the FIFO are 
valid and detecting the active tag bits in those entries, then logically ORing the active 
state of each tag bit over all the valid entries. This gives rise to a set of T logic signals, 
representing the active state of the Ttag bits throughout the valid entries of the FIFO. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Other objects and advantages of the invention will become apparent upon reading 
the following detailed description and upon reference to the accompanying drawings in 
which: 

Figs, la and lb illustrate the organization of a typical storage device, such as a 
first-in first-out (FIFO) buffer; and 

Fig. 2 illustrates an embodiment of the device, system and method disclosed 
herein for indicating the presence of active tag bits in the valid entries of a dual-clocked 
FIFO buffer. 



While the invention is susceptible to various modifications and alternative forms, 
specific embodiments thereof are shown by way of example in the drawings and will 
herein be described in detail. It should be understood, however, that the drawings and 
detailed description thereto are not intended to limit the invention to the particular form 
disclosed, but on the contrary, the intention is to cover all modifications, equivalents and 
alternatives falling within the spirit and scope of the present invention as defined by the 
appended claims. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Data may be transferred between two clock domains through the use of a dual- 
clock first-in first-out (FIFO) buffer. Data may be written to the FIFO queue in the first 
5 clock domain and read out in the second. Often, these domains are mutually 
asynchronous - i.e., the timing for the read and write operations is based on independent 
clock rates. The ability of the dual-clock FIFO to effectively resynchronize the data from 
one clock domain to another makes it useful for high-speed data transfer between 
mutually asynchronous systems (e.g., from a peripheral device to a computer). 

10 

This ability is augmented by the combination of tag bits with the data being 
transferred. Tag bits serve as flags to the receiving circuitry, and can improve data 
^ transfer efficiency. They indicate to the receiving circuitry the nature (e.g., read, write) or 

% 4 source (e.g., I/O device, memory) of the data transaction. In doing so, tag bits simplify 

fjl 15 management of the data flowing into and out of the FIFO. This advantageously allows 

!j: the receiving circuitry to be simplified, and contributes to higher maximum data 

fij throughput. 

A FIFO, as considered herein and shown in Fig. la, may be organized as N 
□ 20 entries, wherein the entries are comprised of D bits of data 10 and T tag bits 12. (In the 

r 2 example of Fig. la, D = 8, T = 4, and N = 7.) Each entry is represented as a row in Fig. 

la. For example, the 6 th entry comprises data bits through dsj, and tag bits t$ f o 
through £5,3. The FIFO entries are accessed using read and write pointers. When the 
FIFO is initialized, these pointers are typically set to the first entry (i.e., the row 
25 comprising d 0y o through f 0 ,3 in Fig. la). Note, however, that the FIFO is addressed as a 
circular queue, in which both the read and write pointers "wrap around" when 
incremented beyond the N* entry. Consequently, the initial setting of these pointers is 
really arbitrary, so long as they agree with one another. As each new entry is written to 
the FIFO, the write pointer is incremented. Similarly, the read pointer is incremented 
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each time an entry is read from the FIFO. Typically, the number of entries currently in 
the FIFO is computed as the difference between the write and read pointers: 



This value m ay used by internal logic to inhibit writing to llie FIFO when il is full, Of 
Tending wheiriris" empiy^A 



If all of the entries in the FIFO of Fig. la contained valid data, it would be 
possible to test the tag bit fields simultaneously, using logic such as shown in Fig. lb. 
Each of the OR gates 14 shown in Fig. lb receive N signals representing the state of the 
corresponding bits in the N entries of the FIFO. For example, the gate OR3 receives the 
logic levels of tag bits f 0 ,3> 'u> *5,3, hi- Therefore, the output of OR 3 is HIGH if any of 
these tag bits is set. As an example of how this may be useful, assume that tag bit ^3 
serves as a flag to denote that the I th FIFO entry contains data from a particular I/O device. 
By testing the output of gate OR3, it is possible to determine whether the FIFO contained 
data from that I/O device without having to read all of the entries. The receiving circuitry 
may employ this information, for example, to store the data into a special buffer dedicated 
to that I/O device. 

Of course, it is not generally the case that all of the FIFO entries are valid. Some 
additional logic is therefore needed to avoid ORing the tag bits from invalid entries. 
Moreover, the circuitry that validates the tag bits must account for the different clock 
domains on the read and write sides of the FIFO. This is accomplished by the system 
described herein, an embodiment of which is shown in Fig. 2. 

The boundary between the two clock domains is represented by the heavy dashed 
line in Fig. 2. Data are entered into the FIFO 20 using clka and read out using clkb. The 
FIFO has N entries, with the I th entry comprising D data bits (d it o, . . d itD -\) and T tag bits 
(ho, •••> /f,r-i)- The FIFO's write pointer, aptr, is associated with clock clka, and its read 



# entries = mod(write jptr - read _ptr, N) 
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pointer, bptr, with clock clkb. Two registers, avalid 22 and bvalid 24, are associated with 
the write and read pointers, respectively. These registers are comprised of N flip-flops, 
and are both initialized to the same values. When a new I th entry is written to the FIFO, 
aptr is incremented from i to i + 1, to indicate the location of the next available entry in 

5 the FIFO, and the I th flip-flop in register avalid 22 is toggled. A counterpart in the clkb 
domain, bvalid 24, operates similarly for FIFO read operations. When the I th entry is read 
out of the FIFO, bptr is incremented from i to i + 1, and the I th flip-flop in register bvalid 
24 is toggled. A set of N XOR gates compares the state of each flip-flop in avalid with 
the corresponding flip-flop in bvalid. Referring to Fig. 2, XOR gate 26, compares 

10 avalid[0] with bvalid[0], while XOR gate 28 compares avalid[N-l] with bvalid[N-l], 
(For simplicity, the other N-2 XOR gates are not shown.) The output of each XOR gate is 
HIGH only if its inputs differ. Initially, avalid and bvalid are set to the same value. 
Therefore, every element of avalid matches the corresponding element in bvalid, and the 
outputs of all of the XOR gates are LOW. When a new value is written into the I th entry 

15 of the FIFO, avalid[i] toggles, causing it to assume the opposite logic level to that of 
bvalid[i]. This causes the I th XOR gate to go HIGH. This condition persists until the I th 
entry is read out of the FIFO, causing bptr to toggle bvalid{i\. Thus, each of the N XOR 
gates generates a signal indicating whether the corresponding entry in the FIFO is valid 
(i.e., has been written to, but not yet read). For example, the output of XOR gate 26 

20 (valid[0]) is HIGH only if the 0 th entry is valid, and the output of XOR gate 28 
(yalid[N-l]) is HIGH only if the N-l* entry is valid. 

A bus is associated with each of the N FIFO entries. Each bus has T bits, and is 
derived from the tag bits of its respective entry. For example, tag_bus[N-l] 30 is 

25 comprised of signals representing the state of the tag bits in the N-l^ entry, t N .\#, t N .\,\, . . . , 
to-iT-i- Similarly, tag_bus[0] 32 is comprised of signals representing the state of the tag 
bits in the 0 th entry, r 0 ,o, • •> toj-\. (For simplicity, the other N-2 buses are not shown.) 
A set of T AND gates, each with 2 inputs, is also associated with each of the AT FIFO 
entries. Each gate in the set receives one of the T signals in the corresponding tag bit bus, 

30 along with a qualifying signal from the XOR gate associated with that entry. For 
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example, tag_bus[N-l] 30 contains T signals representing the state of the tag bits in the 
AM* FIFO entry. AND gate 34 receives the state of tag bit t N .\j.u while AND gate 36 
receives the state of tag bit tN-\#- (For simplicity, the other T-2 AND gates are not 
shown.) The AND gates also receive the output (valid[NA]) of XOR gate 28. If the AM* 
5 entry is valid, XOR gate 28 drives valid[N-l] HIGH, enabling AND gates 34 and 36 
(along with the other 7-2 AND gates not shown); otherwise, the AND gate outputs are 
forced LOW. Thus, if valid[N-l] is HIGH, the output of each of the T AND gates 
indicates whether the corresponding tag bit in the AT- 1 th entry is HIGH. Bus 32, and AND 
gates 38 and 40, along with XOR gate 26 perform the same function with respect to the 
10 tag bits of the 0 th FIFO entry. 

A set of T OR gates, each with N inputs, receives the signals from the AT sets of 
^ j AND gates. The I th OR gate receives the output from the I th gate of each of the AT sets of 

N AND gates. For example, OR gate 42 receives the state of tag bit t N .\j.\ from AND gate 

ry 15 34, and the state of tag bit fo.r-i from AND gate 38. (OR gate 42 also receives the state of 

^ the r-l* tag bit in the other N-2 entries from other AND gates, which have been omitted 

^ from Fig. 2 for simplicity.) Similarly, OR gate 44 receives the state of tag bit t N .\ t o from 

M AND gate 36 and the state of tag bit f 0 ,o from AND gate 40. (For simplicity, the other T-2 

r! ff | OR gates are not shown.) In this scheme, the I th OR gate is associated with the I th tag bit 

2 20 in all of the entries. If the i* flag bit is HIGH in any valid entry, the output of the i* OR 

£3 gate will be HIGH. Note that invalid entries are disregarded. If the I th entry is not valid, 

valid[i] will be driven LOW by the I th XOR gate, forcing all T AND gates coupled to 

tag_bus[i] LOW. 



25 The output of each of the T OR gates is coupled to a pair of flip-flops, which 

synchronize the tag bit logic levels with clkb. For example, the output of the T-l^ OR 
gate 42 is synchronized by the T-l^ flip-flop pair 46, while that of the 0 th OR gate 44 is 
synchronized by the 0 th flip-flop pair 48. (For simplicity, the other T-2 flip-flop pairs are 
not shown.) From the foregoing description of this circuitry, it will be apparent that the 

30 output of the I th flip-flop pair is HIGH only if the i* tag bit is HIGH in any of the N FIFO 
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entries. The following equations, in pseudo hardware definition language (HDL), define 
the logic operations performed by the circuitry of the embodiment shown in Fig. 2: 

tag_valid[T~l] = synch 'ed(OR(valid[N- 1:0] bitwise AND'ed with {t N . UT .u tMj-u • • •> 'o,r-i })) 
5 tag_valid[T-2] = synch' td(OR(valid[N- 1:0] bitwise AND'ed with {^-1,1-2, t N . 2J _ 2 '0,7-2})) 

tag_valid[0] = synch'ed(OR(va//J[AM:0] bitwise AND'ed with {^.i, 0 , fo,o})) 

10 

Advantageously, the system and method described herein allow the data receiving 
circuitry to determine whether specific tag bits are set in any valid entries without actually 
having to read the entry from the FIFO. As discussed earlier, the tag bits may convey 
important parameters, such as the source or intended destination of the data, or the nature 
15 of the transfer (e.g., read vs. write). Such information can expedite the data transfer by 
simplifying the requirements of the receiving circuitry. 

Advantageously, the system and method described herein for detection of active 
tag bits in valid data may be implemented using a simple combination of common logic 

20 elements. In the embodiment described above, the portion of the circuitry that detects the 
active tag bits among the valid FIFO entries is comprised of combinatorial logic, and is 
therefore suitable for very high-speed operation, as compared to a clocked circuit. This 
approach to verification of valid FIFO entries also avoids the potential metastability that 
might arise with more complex logic. And, because of its simplicity, an actual IC 

25 implementation of this design is relatively straightforward, and should occupy a small 
area on a silicon substrate when incorporated into an integrated circuit (IC). These 
features recommend its use in a variety of data communication applications utilizing 
FIFO buffering of tagged data. 
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It will be appreciated by those skilled in the art having the benefit of this 
disclosure that this invention is believed to present a system and method for built-in 
self-test and self-repair of a semiconductor memory. Further modifications and 
alternative embodiments of various aspects of the invention will be apparent to those 
skilled in the art in view of this description. Such details as the number of FIFO entries, 
or the number of gates, configuration of the logic, etc., as described herein, are exemplary 
of a particular embodiment. It is intended that the following claims be interpreted to 
embrace all such modifications and changes and, accordingly, the specification and 
drawings are to be regarded in an illustrative rather than a restrictive sense. 
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